Purpose Livestock already use most global agricultural land, whereas the demand for animal-source food (ASF) is expected to increase. To address the contribution of livestock to global food supply, we need a measure for land use efficiency of livestock systems. Methods Existing measures capture different aspects of the debate about land use efficiency of livestock systems, such as plant productivity and the efficiency of converting feed, especially human-inedible feed, into animal products. So far, the suitability of land for cultivation of food crops has not been accounted for. Our land use ratio (LUR) includes all above-mentioned aspects and yields a realistic insight into land use efficiency of livestock systems. LUR is defined as the maximum amount of human-digestible protein (HDP) derived from food crops on all land used to cultivate feed required to produce 1 kg ASF over the amount of HDP in that 1 kg ASF. We illustrated our concept for three case systems. Results and discussion The LUR for the case of laying hens equaled 2.08, implying that land required to produce 1 kg HDP from laying hens could directly yield 2.08 kg HDP from human food crops. For dairy cows, the LUR was 2.10 when kept on sandy soils and 0.67 when kept on peat soils. The LUR for dairy cows on peat soils was lower compared to cows on sandy soils because land used to grow grass and grass silage for cows on peats was unsuitable for direct production of food crops. A LUR <1.0 is considered efficient in terms of global food supply and implies that animals produce more HDP per square metre than crops. Conclusions Values <1.0 demonstrate that livestock produce HDP more efficiently than crops. Such livestock systems (with a LUR<1.0), therefore, do have a role in future food supply and therefore contribute to food security. Our LUR offers identification of livestock production systems that contribute to global food supply, i.e. systems that value land with low opportunity costs for arable production and/or byproducts from crop cultivation or the food or energy industry.
Introduction
A growing and wealthier human population implies an increase in demand for their needs, such as housing, infrastructure, energy and food, especially animal-source food (ASF). The current livestock sector already uses about 70 % of global agricultural land (FAO 2009 ). The expected increase in demand for ASF, therefore, will further intensify global pressure on land. An increased pressure on land amplifies the risk of converting forests, wetlands or natural grasslands into agricultural land, resulting in emission of greenhouse gases and the loss of biodiversity and other important ecosystem services (Godfray et al. 2010; Foley et al. 2011) . To limit land conversion, it is essential to e.g. improve land use efficiency of livestock systems.
It is generally acknowledged that increasing yields on existing land is key to improve land use efficiency in agriculture (Godfray et al. 2010; Tilman et al. 2011) . Similarly, land use efficiency of livestock systems will improve with increasing yields of grazed pastures and feed crops per hectare. Land use efficiency of livestock systems, furthermore, can improve by increasing feed efficiency, i.e. the efficiency of converting feed into ASF (De Vries and De Boer 2010) . Besides increasing crop or animal productivity, land use efficiency of livestock systems improves also by increasing the efficiency along the entire food chain, from Bfield-to-fork^, implying a reduction in, for example, grazing losses, losses while storing feed crops, or losses while consuming ASF.
It is increasingly recognized that, to achieve future food security, we might better not use highly productive croplands to produce feed for livestock. No matter how efficiently produced, direct consumption of cereals by humans is ecologically more efficient than consumption of ASF produced by animals fed with these cereals (Godfray et al. 2010; Foley et al. 2011) . Improving land use efficiency of livestock systems, therefore, also implies feeding livestock mainly by-products from arable production or the food processing industry, that are not edible for humans; or grazing of livestock on Bmarginal land^, i.e. land with low opportunity costs for arable production (Garnett 2009; Eisler et al. 2014 ).
All above-described aspects are essential to improve land use efficiency of livestock systems to increase food supply and therefore contribute to food security. The urgent question remains, however, how land efficient are various livestock systems in terms of food supply? In this paper, we describe a novel method to calculate land use efficiency of livestock systems, which enables identification and improvement of systems that do have a role in future food supply. To illustrate our concept, we computed our novel method for three case systems in the Netherlands: production of ASF (eggs and meat) from laying hens and production of ASF from dairy cows (milk and meat from the dairy farm) on peat soils and on sandy soils.
To demonstrate the importance of our novel concept, we compared our findings with existing measures for land use efficiency. We, therefore, first describe in more detail how land use efficiency of livestock systems has developed and was measured to date.
Methods

Current drivers and existing measures of land use efficiency of livestock systems
In the past, improving land use efficiency of livestock systems was mainly driven by economic incentives and was directed at increasing productivity per hectare of land. Consequently, crop and animal productivity per hectare has increased enormously. For most cereal crops in the world, yields have increased almost linearly since 1960. Average US maize production, for example, increased 114 kg per hectare per year between 1960 and 2011 (Grassini et al. 2013) . Similarly, feed efficiency of livestock has improved continuously. The feed conversion ratio (FCR) of broilers (i.e. kg feed used per kg of final body weight), for example, was estimated to reduce by 0.02 kg feed/kg broiler meat per year between 1960 (Neeteson-van Nieuwenhoven et al. 2013 .
The enduring focus on reducing FCR in livestock, however, also led to large amounts of human-edible plant products, like cereal grains, in livestock diets. Annually, about 1 billion tons of cereal grains are fed to livestock (Eisler et al. 2014) . Direct consumption of these cereals by humans is more efficient in terms of global land use than consumption of products derived from livestock fed with these cereals because energy is lost during conversion from plant to animal product (Goodland 1997) . In a situation where land availability is no longer abundant, i.e. feeding a growing world population with a given amount of land, improving FCR in livestock might not necessarily imply improving global land use efficiency. To determine the role of livestock in terms of global food supply, we are in need of a measure that accounts for the competition for land between livestock and human.
One way to measure this competition for land is to compute human-edible protein and energy conversion ratios (Wilkinson 2011; Dijkstra et al. 2013) . These conversion ratios represent the amount of energy or protein in animal feed that is potentially edible for humans over the amount of energy or protein in that animal product that is edible for humans. Ratios above 1, such as for UK broilers, laying hens, pigs and some cattle, are unsustainable because animals produce less edible protein and/ or energy than they consume (Wilkinson 2011). A ratio below 1, such as for UK milk production (Wilkinson 2011), does not immediately imply efficient land use in terms of global food supply because these conversion ratios do not yet include the fact that, for example, grass fed to dairy cows can be produced on land suitable for the cultivation of human food crops, or in other words, they do not include the opportunity costs of land for human food production.
The above-described conversion ratios originally focused on the efficiency of animals to convert feed or specifically human-inedible feed into animal products. Besides improving crop yield per hectare or the feed efficiency of animals, it is increasingly recognized that land use efficiency by livestock should be examined along the entire livestock supply chain. Over the last years, several studies were published that assessed land use by livestock along the entire supply chain (De Vries and De Boer 2010) , generally using life cycle assessment (LCA). At present, LCA is an internationally acknowledged method to quantify use of natural resources, such as land or fossil energy, during the entire life cycle of a product (Guinée et al. 2002 ). An LCA quantifies the land needed to produce 1 kg ASF and implicitly combines information about crop productivity (i.e. crop yield per ha) and animal productivity (i.e. feed efficiency along the chain, including breeding, rearing and producing animals). Current LCA results show that production and utilization of feed are the dominant factors determining land use efficiency of livestock systems. Several LCA studies determined the land use efficiency of contrasting livestock products. They concluded that production of 1 kg of beef protein uses most land, followed by production of 1 kg of pork, chicken, egg or milk protein (De Vries and De Boer 2010; Eshel et al. 2014 ). Interpretation of current LCA results, however, is hindered because results do not include differences in consumption of human-edible products by livestock or differences in suitability of land used for feed production to directly cultivate food crops, or in other words, they do not account for the competition between humans and animals for land. Grass-fed beef cattle, for example, generally consume less human-edible products than pigs or poultry and can value grassland that is less suitable for production of food crops.
Several LCA studies did propose a way to account for differences in quality of land (Ridoutt et al. 2012; Borucke et al. 2013) . Net primary productivity of potential biomass
), for example, was used as proxy to account for differences in land quality (Ridoutt et al. 2012 ). According to this approach, land use of various agricultural products is assessed by multiplying each spatially differentiated area of land use by its net primary productivity divided by global average net primary productivity. Using net primary productivity as a proxy for land quality, however, does not yet include the fact that, for example, feed crops fed to dairy can be produced on land less suitable for the cultivation of human food crops or, in other words, that livestock can produce human-edible protein from land with low opportunity costs for human food production.
Existing measures for efficiency of land use for livestock systems capture different aspects of the debate. The FCR focuses on the efficiency of animals to convert feed into animal products; protein and energy conversion ratios focus on the efficiency of animals to convert human-inedible feed into animal products; and an LCA focusses on the total amount of land required to produce 1 kg ASF and combines plant and animal productivity. None of these measures includes the opportunity costs of land for crop production. To address the contribution of livestock to increase food supply and therefore contribute to food security, we are in need of a measure for land use efficiency that accounts for plant productivity, efficiency of converting especially human-inedible feed into animal product and the opportunity cost of land for crop cultivation and has a life cycle perspective.
Novel measure for land use efficiency of livestock systems
Our measure of land use efficiency of livestock systems includes all above-mentioned aspects to determine the role of livestock in terms of food supply and is defined as the following land use ratio (LUR):
HDP of one kg AS F
where LO ij is the land area occupied for a year (m 2 year) to cultivate the amount of feed ingredient i (i=1,n) in country j (j=1,m) that is needed to produce 1 kg ASF, including breeding and rearing of young stock, and HDP j is the maximum amount of human-digestible protein (HDP) that can be produced per m 2 year by direct cultivation of food crops in country j. The denominator contains the amount of HDP of 1 kg ASF.
To compute the LUR of 1 kg ASF from a specific livestock system, four steps are required. First, you quantify the land area occupied (LO ij ) to cultivate the amount of each feed ingredient (i=1,n) in the different countries of origin (j=1,m) that are needed to produce 1 kg ASF. Second, you assess the suitability of each land area occupied to directly grow human food crops, using the crop suitability index (IIASA and FAO 2012) . Third, for each area of land suitable for direct cultivation of food crops (LO ij ), you determine the maximum HDP j from cultivation of food crops by combining information about crop yield per hectare for each suitable crop, with its protein content and human digestibility. The amount of HDP that can be produced on all land required for feed production is summed and used as numerator. Fourth, you assess the amount of HDP in 1 kg ASF, which is the denominator.
LUR, therefore, represents the maximum amount of HDP derived from food crops on all land used to cultivate feed required to produce 1 kg ASF over the amount of HDP in that 1 kg ASF. A ratio above 1 implies that the land required to produce this kilogramme ASF would yield more HDP if used directly to cultivate human food crops, whereas a ratio below 1 implies that livestock production is the best way to produce HDP from that land.
The four steps of our concept will be further explained by computing the three case studies described below.
Computation of land use efficiency of case systems
To illustrate our concept, we computed our novel method for three case systems in the Netherlands: production of ASF from laying hens (eggs and meat) and production of ASF from dairy cows (milk and meat from the dairy farm) on peat soils and on sandy soils. We distinguished dairy farming on peat soils and sandy soils because of their difference in suitability to cultivate food crops. Furthermore, we compared our novel method with currently available methods; FCR, the protein and energy conversion ratio and LO LCA , for protein and energy. The calculations for our novel method and the current methods are based on the same data.
Land use ratio
1. Quantify land area occupied to cultivate feed ingredients.
We analysed the most common laying hen system in the Netherlands, i.e. a multi-tier barn system with brown hens. Our production system included the rearing and laying hen phase, whereas production of day-old hens and parent stock were excluded. Feed intake of rearing and laying hens was calculated based on technical data of KWIN-V 2013 (Table 1) .
Rearing hens were assumed to consume only one type of concentrate feed. The composition of this concentrate feed was based on Dekker et al. (2011) and is reported in Table 2 . Laying hens were fed a starter feed during the first 23 weeks, followed by a regular feed (personal communication, L. Start, Schothorst Feed Research, Lelystad, the Netherlands). The composition of starter and regular feed for laying hens was based on recent advices for commercial feed (Gijsberts 2013a, b, c, d) . The weighted average of the starter and regular feed of laying hens is presented in Table 2 .
For each feed ingredient, the country of origin and yields per hectare were based on a database called 'feedprint', feedprint (based on currently available literature) provides information on the environmental impact of feed ingredients used in the Netherlands (Vellinga et al. 2013) . Given the exact amount of feed ingredients consumed, and their yields per hectare, we quantified the area occupied to cultivate all feed ingredients. In case of a multiple-output situation, land use was allocated to the various outputs based on their relative economic value (i.e. economic allocation). Crop residues, such as citrus and beet pulp, maize gluten meal and straw, were assumed to have an economic value of zero (Vellinga et al. 2013) .
For dairy farming, we selected dairy production systems in the Netherlands with >90 % sandy soils or >90 % peat soils. Technical data required to determine all land used to cultivate feed required to produce 1 kg ASF from this system were based on the Dutch Farm Accountancy Data Network (FADN 2014) and are shown in Tables 3 and 4 . Feed intake of the whole dairy herd, including young stock, was based on average technical data between 2010 and 2012 (Table 3) . Table 3 shows average technical and economic data for Dutch dairy production system on peat or sand. To quantify the land occupied for the cultivation of a feed ingredient, we corrected these data for feeding and conservation losses (Table 4) . Feeding and conservation losses of grazing animals were assumed negligible (RIVM 2013). Furthermore, we assumed all maize silage to be purchased because no data were available to exactly determine the production of on-farm maize silage.
Purchased concentrates were assumed to be 70.5 % protein-rich (19.6 % crude protein) and 29.5 % very proteinrich (30.4 % crude protein) for dairy cows on sandy soils, and 16.2 % standard (14.1 % crude protein) and 83.8 % proteinrich for dairy cows on peat soils (Table 5) . Table 5 shows the composition of each type of concentrate. The amount of both concentrate types purchased was computed by combining information from the total amount of crude protein and energy in purchased concentrates (Table 3 ) and the crude protein-toenergy ratio of both types of concentrates (Vellinga et al. 2013) . Given the amount of concentrates consumed, and their related average yields per hectare, we quantified the area occupied to cultivate all feed ingredients (Vellinga et al. 2013) .
Similarly, the amount of purchased wet by-products, brewers grain and sugar beet pulp was computed by combining information from the total amount of crude protein and energy in purchased wet by-products (Table 3 ) and the crude protein-to-energy ratio of both products. Given the amount of Table 3 ). For crop production outside the farm, country of origin and yields per hectare were obtained from feedprint (Vellinga et al. 2013 ).
2. Determine the suitability of land to directly cultivate human food crops. For each area of land identified for feed production, we determined its suitability to directly grow food crops. On each area of land suitable to grow food crops, different crops can be cultivated. We focused on the five major food crops as the yield of those crops are high and therefore the amount of protein per hectare is also high. The suitability for the five major food crops, i.e. wheat (wetland and indica dry land), maize, potatoes (white and sweet) and soybeans, at a specific location was assessed based on the Global Agro-Ecological Zones (GAEZ) database (IIASA and FAO 2012) . This database classifies crop suitability in eight groups (varying from very high to not suitable), by quantifying to what extent soil (e.g. pH, soil water holding capacity) and climatic conditions (e.g. wet day frequency, sunshine, temperature) match crop requirements, under defined input and management circumstances. We assessed crop suitability for current cultivated land in a situation of high input levels, optimal water supply and baseline climate conditions . If the suitability of the crop was good, high, or very high (suitability index>55), the land was considered suitable to cultivate that specific crop. 3. Calculation of HDP production from all land suitable for crop production (numerator). Human-digestible protein production from the five selected crops was calculated from their respective yields (Table 6 ), multiplied by their protein content and digestibility (Table 7) . For on-farm land used for grass production, crop yields per hectare were assumed to be soil specific. Peat soils were assumed unsuitable for the cultivation of any of the five major food crops, whereas sandy soils were assumed suitable for cultivation of white potatoes (i.e. 56,000 kg/ha) and wheat (7300 kg/ha) (KWIN-AGV 2012). For off-farm crop production, country-average yield data from FAOstat were used (Table 6) , as information about exact location and, consequently, soil type were missing. Subsequently, the highest HDP for each area of land was chosen and summed across all land areas required to produce 1 kg of ASF. This sum of HDP was used as numerator of our land use ratio. Because animal-source food contributes not only to the protein but also to the energy demand of humans, we also computed our land use ratio from an energy perspective, implying that HDP was replaced by human-digestible energy. For human-digestible energy, values of the energy content (Table 7) were directly derived from a USDA database (United States Department of Agriculture (USDA) 2013). For chicken meat, we assumed that 56 % of live weight was edible and for beef, this was 43 % (De Vries and De Boer 2010).
4. Calculation of HDP of 1 kg of animal-source food (denominator). The amount of HDP in 1 kg of ASF was computed by multiplying with its protein content and its protein digestibility for humans. The amount of humandigestible energy in 1 kg of ASF was computed by multiplying with its energy content for humans.
Assessing existing measures of land use efficiency of livestock systems
To demonstrate our concept, we compared LUR values with existing measures of land use efficiency. To allow an accurate comparison, we computed existing measures (FCR, protein and energy conversion ratios, and LO LCA ) for each case system using the same data as we used to compute LUR. The feed conversion ratio (FCR) was defined as the amount of DM in feed supplied to the producing animal over the kilogramme of main output of that animal (kg egg and kg fat-protein-corrected milk; CVB 2012). A higher FCR indicates a lower efficiency of converting feed into animal product and implies a lower efficiency of land use. Feed intake was already assessed in the first step of our novel approach. Feed intake data as presented in Table 3 , however, were computed for the entire herd. To correct for feed intake of young stock in the computation of feed, energy and protein conversion ratios, we assumed a total intake from birth until first lactation of 31 GJ NE L per animal (NE L =net energy for lactation), of which 19 % consisted of concentrate feed and milk products (CVB 2012; Dijkstra et al. 2013 ). All milk products as presented in Table 3 were assumed to be consumed by young stock. Average concentrate feed and roughage composition was assumed to be similar for young stock and producing cows per case system. No wet by-products were assigned to young stock. Based on those assumptions, we calculated a total feed intake of dairy cows on sandy soils of 246 GJ NE L grass grazing, 1300 GJ NE L grass silage, 1346 GJ NE L maize silage, 1001 GJ NE L concentrate feed and 206 GJ NE L wet byproducts and dairy on peat soils of 491 GJ NE L grass grazing, 1590 GJ NE L grass silage, 421 GJ NE L maize silage, 902 GJ NE L concentrate feed and 329 GJ NE L wet by-products. The DM content of feed ingredients was taken from feedprint (Vellinga et al. 2013) , whereas the DM content of on-farm grass was taken from the Dutch Farm Accountancy Data Network (FADN 2014; Table 3 ). The protein conversion ratios were defined as the ratio of crude protein in animal feed directly edible for humans over kilogramme protein in eggs or milk. Similarly, the energy conversion ratio was defined as the ratio of gross energy in animal feed directly edible for humans over kilogramme gross energy in eggs or milk. A ratio above 1 implies that an animal produces less edible protein than it consumes and appears inefficient from a land-use perspective. The human-edibility of feed products was taken from the literature (Wilkinson 2011), whereas ASF was considered to be fully human-edible. We used average nutrient composition values for eggs (USDA 2013) , whereas for milk, we used case-specific protein contents (Table 3) .
Besides examining feed and protein conversion ratios at animal level, we also computed land use associated with feed production along the life cycle of 1 kg HDP from laying hens or dairy cows, including rearing of young stock. Land area occupied to cultivate feed ingredients along the chain was assessed already in the first step of our novel approach (see previous paragraph). Subsequently, it was allocated to the main product of the livestock system (i.e. egg or milk) based on economic allocation and expressed per kilogramme of human-digestible protein or per kilogramme of humandigestible energy.
Results
We first present LUR values from a 'protein' perspective, as livestock products contribute especially to the protein demand of humans (Galloway et al. 2007; De Vries and De Boer 2010) and compare those with results from existing measures of land use efficiency. Second, we present and compare results from an energy perspective.
Results of land use ratio (protein perspective)
The LUR for the case of laying hens equaled 2.08. A LUR of 2.08 implies that the land required to produce 1 kg HDP from laying hens could directly yield 2.08 kg HDP from human food crops. The structure of the computation of the LUR is depicted in Fig. 1 . To produce 1 kg of fresh egg and its associated production of 0.068 kg chicken meat, we needed 2.30 kg of feed for laying hens and 0.284 kg of feed for rearing hens. The main feed ingredients of laying hen feed were maize (54 %), soybean meal (17 %) and wheat (8 %). Half of this maize was assumed to originate from Germany and the other half from France. With a yield of 8788 kg per hectare, production of 0.62 kg maize in Germany required 0.71 m 2 year. This Case-specific data were used (see Table 3) c Source: (Gilani et al. 2005) , except for potatoes (white (Kies and Fox 1972; Eppendorfer et al. 1979; Khan et al. 1992; Gahlawat and Sehgal 1998) , sweet (Ravindran et al. 1995)) 0.71 m 2 year could have been used directly to produce human food crops and could yield maximally 0.049 kg HDP ((7019 kg wheat per ha×0.904 DM per kg wheat×125.1 g protein per kg DM wheat × 87 % digestibility / 10,000) × 0.71 m 2 year). In total, the land used to produce 1 kg of eggs and associated chicken meat could have yielded directly 0.27 kg of HDP from human food crops. One kilogramme of eggs contains 0.12 kg HDP, whereas 0.07 kg of chicken meat contains 0.01 kg HDP. The LUR of eggs, therefore, equaled 0.27/0.13=2.08.
Similarly, we determined a LUR of 2.10 for dairy cows on sandy soils and 0.67 for dairy cows on peat soils. The LUR of dairy cows on sand was similar to the LUR of hens, despite the fact that compared with the diet of laying hens, the diet of dairy cows contained less products that humans could consume directly (i.e. 72 % of crude protein in diets of laying hens was human-edible compared to 16 % for dairy cows on sand and 9 % for dairy cows on peat). The land used to produce feed ingredients for laying hens and dairy cows on sandy soils, however, appeared to have about the same potential to directly produce HDP by food crops. This was not the case for dairy cows on peat soils. The land used to grow grass and grass silage for these dairy cows was assumed unsuitable for direct production of food crops, overall resulting in a LUR of 0.67. This LUR implies that the land required to produce 1 kg HDP from dairy cows on peat soils could only yield 0.67 kg of HDP from human food crops directly. A LUR <1.0, therefore, is considered efficient in terms of global food supply and implies that animals produce more HDP per square metre than crops. Values <1.0 demonstrate that livestock do contribute to food supply and therefore food security. Our LUR offers identification of livestock production systems that use land efficiently in terms of food supply. Land-efficient livestock systems typically value land with low opportunity costs for arable production (e.g. peat soils or wet grasslands) and/or byproducts from crop cultivation or the food or energy industry (e.g. beet pulp).
Results of existing measures of land use efficiency of livestock systems
The FCR for producing eggs is roughly twice as high as the production of milk on peat (Fig. 2) , which is in line with a UK case study (Wilkinson 2011) . The FCR of dairy cows on sandy soils, however, was about 15 % lower than the FCR of dairy cows on peat soils. Differences in FCR are determined mainly by differences in annual milk production per cow (Dijkstra et al. 2013) . Annual milk production per cow indeed was comparable for Dutch cows on peat (i.e. 6350 kg) and cows in the UK case study (Dijkstra et al. 2013 ) (6500 kg) but was higher for dairy cows on sand (8114 kg). Based on this definition of FCR, we would conclude that dairy cows are more efficient than laying hens, whereas dairy cows on sand are most efficient. Relative to eggs, however, milk has a lower DM content (i.e. milk=12.3 % DM; eggs=23.9 % DM; (18)). When we express FCR as kg DM in feed over kg DM in product, differences among FCRs between milk production and egg production are less pronounced (FCR egg = 8.6; FCR milk sand =6.3; FCR milk peat =7.4), which is in agreement with Galloway et al. (2007) .
The protein conversion ratios of laying hens are higher compared to dairy cows, which is in the range with results in literature (Wilkinson 2011; Dijkstra et al. 2013) . Our laying hen system shows a protein conversion ratios of about 2. In terms of global food supply, therefore, the existing way of egg production is not land efficient. A target ratio below 1 may be possible by replacing, for example, cereals or soybean meal (both have a high proportion of edible protein) by waste-fed Fig. 1 Illustration of our concept of land use ratio for the case system of laying hens, assuming a production of 1 kg of eggs and an associated production of 0.076 kg of chicken meat (DE Germany, FR France, HDP humandigestible protein) insects or by by-products from the food or energy industry with a low economic value. Our dairy systems show a protein conversion ratios <1.0, clearly demonstrating the ability of ruminants to turn human-inedible feed ingredients into human-edible product. The protein conversion ratios of dairy cows on peat was lower (0.44) than of cows on sand (0.60) because cows on peat consume relatively more grass. Grass has a relatively high protein content. Concentrates fed to dairy cows on peat, therefore, have a lower protein content than concentrates fed to cows on sand. In contrast to grass, some ingredients in concentrates are human-edible. The difference in protein conversion ratios between cows on peat and sand, therefore, is explained by the difference in protein content of concentrates fed to cows on peat and sand. Based on the protein conversion ratio results, we would conclude that dairy cows are more efficient than laying hens, whereas dairy cows on peat are most efficient.
Land use for production of 1 kg HDP from laying hens required slightly more compared to the production of 1 kg HDP from dairy cows on sandy soils but slightly less compared to the production of 1 kg HDP dairy cows on peat soils. Based on these Dutch case studies, therefore, we would not conclude that dairy production is more efficient than egg production. Moreover, production of milk on peat soils appears least efficient.
Results from an 'energy' perspective
Besides protein, ASF in many parts of the world also contributes to the energy demand of humans. For existing measures of land use efficiency, the main conclusions from the comparison among livestock systems presented in this study are valid also when presented from the 'energy' perspective, albeit slightly numerically modified (Table 8) .
Using human-digestible energy instead of HDP in our computation of LUR, however, yielded different results: 6.39 for laying hens, 1.22 for dairy cows on peat soils, and 4.35 for dairy cows on sandy soils. These results demonstrate that none of our Dutch case systems produced human-digestible energy more efficiently than crops and support earlier findings that plants produce energy more efficiently than protein (Penning De Vries et al. 1974) , whereas for livestock, this is reversed (Phuong et al. 2013) . From the perspective of food supply, therefore, the main role of livestock in a human diet is provision of protein.
General discussion
The fact that livestock especially contribute to the protein demand of humans justifies our choice for HDP in the LUR. Protein digestibility was taken into account to correct for differences in protein quality between plant and animal products, whereas differences in essential amino acid content between plants and animals were not accounted for. Besides protein, ASF has other nutritional qualities, such as the provision of iron and vitamin B 12 . In principle, we could extend our LUR not only to consider human-digestible protein but also to include, for example, available iron, calcium, essential amino acids or vitamins. This, however, would require an index for nutritional quality of a food item. Such indices have been developed for individual food items and are referred to as nutrient density scores. These density scores relate the nutrient content of 100 g or 100 kcal of a product to the daily recommended intake and average the values of different nutrients into one final score (Drewnowski and Fulgoni 2014) . Despite a low nutrient density score, however, an individual food item can be valuable at the dietary level because of its richness in one very scarce nutrient. We believe, therefore, that the full range of nutritional needs should be met at the level of the entire human diet. By applying the LUR method, it is possible to increase land use efficiency. However, to identify the contribution of livestock to future sustainable diets, one should also assess the contribution of livestock systems to global warming, acidification, eutrophication, water use, biodiversity and other environmental impacts. For example, a ruminant system on marginal grassland with a LUR<1 might have a relatively high global warming potential as feeding fibrous diets increases the production of enteric methane but could also contribute to the preservation and enhancement of biodiversity and the conservation of cultural landscapes when grasslands are managed well. We demonstrated the LUR for three case systems: laying hens, dairy cows on sandy soils and dairy cows on peat soils. These case systems represented existing livestock systems and were deliberately chosen because literature showed that they had comparable land use requirements from a life cycle perspective, while they differed in the percentage of humanedible feed in diets of animals and in opportunity costs of land for crop cultivation (sandy versus peat soils). Moreover, computation of LUR requires global, high-resolution inventory data, which were partly available for these existing systems. Despite the data availability, the LUR estimate of our case systems could have been refined further if the exact production location and associated yields of all purchased feed ingredients would have been known. Such detailed information about feed ingredients, however, is generally absent.
Our concept is applicable to a large variety of livestock systems and is of paramount importance in the debate about the role of livestock in global food supply. Several, especially LCA-based studies recommended to switch from an animalbased to a plant-based human diet, whereas others advice to substitute beef by pork or chicken to minimize land use in an animal-based diet (Stehfest et al. 2009; Meier and Christen 2012; Eshel et al. 2014) . The above-mentioned studies, however, do not account for differences in the suitability of land to directly produce food crops. Our results clearly demonstrate that ruminant systems that value land with low opportunity costs for arable production can produce HDP more efficiently than crops and, therefore, do have a role in future food supply. In a situation of land scarcity, therefore, a plantbased diet is not more land efficient than a diet including animal-source food from, for example, ruminants grazing on land less suitable for crop production. Analogously, simply substituting beef by pork or chicken does not automatically imply improving efficiency of land use in terms of food supply. Beef and/or milk produced from grass on peat soils only would even result in a LUR of zero.
Our LUR enables identification of land-efficient livestock systems and allows further improvement of systems regarding efficiency of land use to contribute to future food supply. Land-efficient livestock systems (i.e. LUR<1.0) typically value land with low opportunity costs for arable production (e.g. beef or dairy cattle grazing 'marginal land') and/or byproducts from food or bio-energy production (e.g. pigs eating beet pulp or rapeseed meal). The amount of ASF that can be produced from 'marginal land' and by-products might not be sufficient to feed each human being a Western European or American diet. We acknowledge, therefore, that improving land use efficiency of livestock systems implies a more modest consumption of ASF in affluent countries. In countries where dietary diversity is limited and malnutrition levels are high, however, an increase in consumption of ASF is legitimate. A modest consumption of ASF is required also to temper environmental impacts of current and expected future demands of ASF. To use land efficiently, therefore, we should aim at increasing livestock productivity while maintaining a LUR<1.0.
Conclusions
Our results demonstrate that existing measures for efficiency of land use for livestock systems give insight into different aspects of the debate about the contribution of livestock to food supply and therefore food security. Conversion ratios are used to gain insight into the ability of animals to convert feed, or more specifically human-inedible feed, into animal products. Results show that improving the conversion of human-inedible feed into animal product improves land efficiency only if feed is produced on land with low opportunity costs for arable production (i.e. protein conversion ratios is lower for dairy cows than for laying hens, whereas LUR is similar for dairy cows on sandy soils and for laying hens). LCA results are used to gain insight into the land required to produce 1 kg ASF along the entire chain. Land use per kilogramme ASF reduces by increasing crop yield per hectare, reducing the feed conversion ratio and increasing the reproductive performance of animals. Land requirements per kilogramme ASF for cows on sand indeed are lower than for cows on peat, mainly because of the reduced FCR. This reduced FCR, however, also implied a diet with more human-edible plant products, i.e. the protein conversion ratios of cows on sand indeed was higher than of cows on peat. Improving LCA results of land use, therefore, might indirectly increase the amount of humanedible feed in diets of livestock and, as such, reduce the efficiency of land use in terms of food supply. None of the above-mentioned measures accounts for the opportunity costs of land to cultivate human food crops. Our LUR includes all aspects of importance to determine the role of livestock for future food supply, and, therefore, yields a more complete insight into land use efficiency for livestock systems. Results demonstrated that ruminant systems that value land with low opportunity costs for arable production can produce HDP more efficiently than crops and, therefore, do have a role in future food supply. Values <1.0 demonstrate that livestock do contribute to food supply and therefore to food security. Our LUR offers identification of livestock production systems that use land efficiently in terms of food supply. Land-efficient livestock systems typically value land with low opportunity costs for arable production (e.g. peat soils or wet grasslands) and/or by-products from crop cultivation or the food or energy industry (e.g. beet pulp).
